The phenomenon of transcrystallization was studied at the interface of UHMWPE fibers embedded in an HDPE matrix. It was hoped that epitaxial crystallization in such model composites could eventually be used to improve adhesion between these high-strength fibers and the thermoplastic matrix material. Matrix crystallization was induced and accompanied on a specially designed hot stage which made the crystallization front advance slowly along a thermal gradient. Transcrystalline interfacial layers were observed without regard to temperature conditions, but with widely varying dimensions. Lamellar resolution within these layers was achieved by low voltage scanning electron microscopy, and the very beginning of transcrystallization was observed in sample areas where UHMWPE fiber segments were only partially embedded into the HDPE matrix. Lamellar alignment on the fiber surface indicated that transcrystallization in this system was associated with epitaxial nucleation.
Introduction
The concept of single-polymer composites has been known for many years, based upon the idea that interfacial bonding should improve if the matrix and the reinforcement material were made from different morphologies of the same semicrystalline polymer 1, 2 . In the case of polyethylene (PE), oriented high-modulus PE fibers can be embedded in a non-oriented spherulitic PE matrix. Fabrication of the composite is rendered possible by the lower melting temperature of chain-folded lamellar crystals in the matrix, as compared to the higher melting temperature of extendedchain crystals in the fiber. More recently, a modified form of polyethylene single-polymer composites has been considered where gel-spun UHMWPE (ultrahigh molecular weight polyethylene) fibers were embedded in a HDPE (high-density polyethylene) matrix 3, 4 . UHMWPE fibers are especially attractive as reinforcement material because of their very high tensile strength and elastic modulus values 5 . However, they are also known for rather poor interfacial bonding characteristics with respect to most of the usual polymer matrix materials [6] [7] [8] . Already many years ago, transcrystallinity has been reported to be able to improve adhesion along fiber-matrix interfaces 9, 10 . Its study may therefore be useful for the development of PE single-polymer composites.The phenomenon of transcrystallinity was first observed as a laboratory curiosity in the early fifties 11 . Today, many researchers believe that transcrystallinity may improve the mechanical properties of polymer composites, and some up-to-date review papers have appeared in the recent literature 12, 13 . Transcrystallization requires heterogeneous nucleation along the fiber surface to occur with a sufficiently high density of nuclei so that interfacial crystal growth can only proceed in the perpendicular direction, leaving a layer of columnar crystals around the fiber 9 .
However, the precise mechanisms by which such heterogeneous nucleation occurs are not fully understood 14, 15 . In addition, an improvement in interfacial bonding cannot be expected to occur by preferred heterogeneous nucleation alone, but will depend upon the formation of a low-energy interface between the fiber and the matrix. In the case of polyethylene single-polymer composites, cocrystallization *e-mail: dhjk@power.ufscar.br as well as epitaxial nucleation have been mentioned to lead to such low-energy interfaces, but no proofs were given 1, 16, 17 .It is believed that at least some of the questions about the role of transcrystallization in fiber composites could be resolved if morphological observations of lamellar detail were able to reach the interface. Quite recently, improved equipment for low voltage scanning electron microscopy (LVSEM) has become available which permits lamellar resolution to be obtained from many polymer surfaces without the need for special sample preparation techniques 18, 19 . It is the purpose of the present work to report on first results which LVSEM has given when applied to the transcrystallization layer in a UHMWPE/HDPE composite.
Experimental
Composite samples were prepared by embedding Dyneema SK 65 high modulus UHMWPE fibers in a matrix of commercial HDPE (Lupolen 6021D). In order to assure access to the interface during scanning electron microscope observations after the crystallization experiment, UHMWPE fibers were embedded only partially into the HDPE matrix. To this effect, one or more fibers were manually extended at room temperature over the surface of a small piece of HDPE film, previously pressed at 140 °C between glass plates and supported on a microscope slide. After covering with another microscope slide, the sample assembly was placed upon a hot plate maintained at 140 °C. After 5 min, a small pressure was applied to the glass cover which caused some fiber segments to sink into the molten matrix while other segments became embedded only partially, as evidenced by the formation and trapping of air bubbles between the molten matrix and the glass cover. After another waiting period of 5 min, the composite sample assembly was transferred to a specially designed hot stage where the crystallization front could be observed while advancing slowly along a thermal gradient. As shown in Fig. 1 , this rather simple stage consisted of two individual heating blocks which were separated by a small gap of 4.3 mm width. Hot stage end temperatures T 1 and T 2 were monitored by thermocouples embedded into the heating blocks and were controlled to within 0.5 °C. For in situ observation of the crystallization process, the entire stage assembly with the composite sample bridging its gap was placed upon the specimen table of an ordinary optical transmission microscope. Phenacitin crystals (commercial calibration powder with a melting temperature of 134.5 °C) were used to calibrate the temperature gradient within the sample which was established across the gap for any particular choice of T 1 /T 2 end temperatures, Fig. 2 .
At the end of a typical crystallization experiment, samples were cooled to room temperature and examined by ordinary light in reflection, polarized light in transmission, and by scanning electron microscopy (SEM). A low voltage field emission SEM from Hitachi (model S-4500) was used to reveal lamellar detail during high-resolution observations.
Results
Some typical examples for in-situ observation of the slowly advancing crystallization front by temperature gradient hot stage microscopy are shown in Figs. 3 and 4. High crystallization temperatures as well as low temperature gradients were selected in order to reduce the rate of crystallization. For this purpose, temperature gradients across 262 Kestenbach well-developed transcrystalline layers, not only high crystallization temperatures but some form of matrix shear seemed to be necessary, Fig. 4 . Such a situation was frequently observed at the outer sample portions where matrix flow had been induced in the molten state as the result of the pressure applied at 140 °C to produce fibre embedding, Fig. 4(a) . In some instances, material flow in these areas was sufficient to destroy the fiber, Fig. 4(b) . In other cases, partial fiber melting left fiber remnants which generated very well developed transcrystallinity along their interfaces, Fig. 4(c) . High-resolution scanning electron microscopy proved to be a valuable tool for identifying events of transcrystallinity even in those sample portions where optical microscopy had failed to detect transcrystallization on a finer scale, Fig. 5 . As an example, Fig. 5(a) once more presents the sample area previously shown in Fig. 4(a) , but this time after crystallization had been completed by cooling to room temperature. Please note that, in comparison with Fig. 4(a) , the micrograph of Fig. 5 (a) has been rotated so that the fiber alignment is now the same as on the following scanning electron micrographs. At the top of Fig. 5(a) , matrix crystallization has occurred on too fine a scale for transcrystallization to be observed by optical microscopy. Through lamellar resolution in the scanning electron microscope, however, clear evidence for transcrystallinity in this area was obtained as shown in Figs. 5(b) , 5(c) and 5(d). At a relatively low magnification, the formation of surface faults in Fig. 5(b) indicated that the fiber ran close to the sample surface in this area. At a higher magnification, Fig. 5(c) , transcrystallization can be recognized by the characteristic presence of parallel and closely-spaced crystal lamellae (viewed edge-on due to their dominantly vertical growth direction above the fiber), as compared to the irregular and more widely-spaced lamellar arrangement which was found to be typical for spherulitic growth at some distance away from the fiber, Fig. 5(d) .
More detailed scanning electron microscopy observations were carried out along the prominent, well-developed layer of transcrystallization which appears at the lower part of Fig. 5(a) . The same sample area is shown again in Fig.  6(a) , but this time as viewed in an optical reflection microscope. At first, lamellar detail at high magnification was photographed within the main area of transcrystallinity which has been marked by T 1 and T 2 on Fig. 6(a) and which is characteristic for a region where the fiber was embedded below the HDPE sample surface. Typical examples of lamellar resolution are presented in Fig. 6(b) which once more shows the closely-spaced lamellae within the transcrystalline layer, and in Fig. 6(c) where the transcrystalline layer at the bottom half of the figure has met the outer portion of a spherulite which had been nucleated further above. For a second area of observation, it can be seen from Fig. 6(a) that the fiber has surfaced along a segment marked S which is still located within the same transcrystallization layer (see for example Fig. 5(a) and compare distances from the sample border). Region S was selected to investigate the initial formation of transcrystallinity directly at the fiber-matrix interface, as shown in the following three figures.
For better localization, the positions of two particular areas where lamellar detail again was photographed at high resolution are shown in Fig. 7 . At successively higher magnification, transcrystalline lamellae with characteristic parallel growth and high-density packing are shown at first from a "tangential" point of view in Fig. 8 . It should be noted that the full fiber diameter is exposed in this area as can be seen from Figs. 6(a) or 7(a), so that we can be sure about this tangential perspective of view in Fig. 8 . Secondly, a "top-view" of the very first transcrystalline lamellae which have formed at the fiber-matrix interface is presented at successively higher magnifications in Figs. 9(a) and 9(b). It is important to recognize that these lamellae have in fact formed from a thin layer of HDPE matrix material which covered the UHMWPE fiber in this area, and not from incipient fiber surface melting. This fact may be appreciated from Fig. 9 (c) where a fiber segment which was located outside the HDPE film sample but which experienced the same temperature during the experiment has been photographed at the same magnification as used in Fig. 9(b) .Finally, it should be noticed that the fiber direction has been the same for the scanning electron micrographs of Figs. 6 to 9 where transcrystalline morphology has been presented at lamellar resolution. It can thus be noted that the lamellar alignment, although quite parallel within separate regions, is far from uniform and also far from being perpendicular to the fiber direction. This observation which, in principle, could be taken as experimental evidence against the presence of epitaxial growth will be discussed in more detail below.
Discussion

Detection of transcrystallinity
Transcrystallization at the fiber-matrix interface has been observed in many composite systems which employ semi-crystalline polymers as their matrix material 1, 2, [9] [10] [11] [12] [13] [14] [15] [16] [17] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . It is frequently believed that it is the event of transcrystallization at the interface which will improve mechanical properties of the composite 9, 10, 12, 16, 23, 28 , although some authors have reported no improvements 22, 26 or even a decrease in fiber-matrix bond strength due to the event of transcrystallinity 24, 25, 27 . In the particular case of UHMWPE/HDPE composites, transcrystallization was observed by some 3, 31 but not by other authors 4 . The detection of fine-scale transcrystallinity by the low-voltage scanning electron microscopy technique could perhaps explain the apparent absence of transcrystallinity of HDPE along UHMWPE fibers reported recently in the literature 4 . Usually, the width of transcrystalline layers which develop around fibers is of the same magnitude as the spherulite diameter in the matrix 3 . In fact, identical radial growth rates were found in polypropylene for matrix spherulites as well as for transcrystalline regions 21 . It is therefore to be expected that, in the case of very fine matrix crystallization, transcrystallinity may not be detected by optical microscopy as long as individual spherulites are not resolved. Such a situation has clearly been present in the fine-grained sample areas which were presented in Fig. 5 , and probably also in Fig. 3. 
Epitaxial growth vs. unoriented preferred nucleation
Transcrystallization is usually observed under the optical microscope, where it is difficult to say something about its origin and its physical cause. Lamellar detail of transcrystalline layers has recently been observed by transmission electron microscopy after permanganic etching 29 . In that case, the preferred orientation (cross-hatched morphology) of individual iPP (isotactic polypropylene) lamellae within the transcrystalline regions was taken as proof for the occurrence of epitaxial nucleation of iPP on polyimide fibers. The same argument can be used in the present case because a definite preferred orientation of the very first HDPE lamellae which have nucleated on the fibre surface can be seen very clearly on Figs. 8 and 9. Before accepting the presence of epitaxial crystallization on this argument, Figs. 8 and 9 ). As shown before in Fig. 6(a) , UHMWPE fiber has surfaced along segment marked S in (a), sample locations for high magnification SEM observation marked S1 and S2 in (b). Original magnification 300X in (a), 1500X in (b).
however, some additional aspects about the geometry of lamellar nucleation and growth will be examined more closely.
First, it has been argued that, for epitaxial nucleation to occur, in addition to a close lattice match, the crystal size of the substrate may be of crucial importance. Thus, according to the "template model" of Greso and Philips 32 , the crystal size of the substrate must be large enough to be able to accommodate a critical secondary nucleus of the crystallizing polymer. This means, in the present case, that the length of the crystalline segments in the UHMWPE fibers must be equal to or larger than the lamellar thickness of the HDPE. Some of these UHMWPE crystalline segments have recently been observed by high resolution transmission electron microscopy where irregular but extendedchain type crystal blocks were described with dimensions of 40 to 70 nm in chain direction and 20 to 40 nm lateral width 33 . Thus, in the present case, substrate crystal dimensions in chain direction can be expected to be large enough for the epitaxial nucleation of HDPE lamellae whose thicknesses are about 20 to 30 nm according to Fig. 10 .
The second point refers to the particular orientations which the HDPE lamellae exhibit in Figs. 5, 6, 8 and 9, and which do not seem to be perpendicular to the fiber axis. If there is indeed epitaxial nucleation, it must be expected that the molecular direction in the HDPE lamellae matches the molecular direction in the UHMWPE substrate, i.e. the fiber axis. If this is so, it is important to realize that the lamellae should not form right angles with the fiber direction because, at least in the case of solution-grown PE lamellae whose crystallographic habits have been studied in detail, chain-folded molecules are not in general perpen- dicular to the lamellar surface 34 . Thus, in the present case, crystal size as well as lamellar orientation have been shown to be consistent with the event of epitaxial nucleation as the origin for the growth of transcrystalline layers.
Interfacial adhesion
As mentioned previously, transcrystallinity in the past has been associated with improvements, with no improvements or even with a decrease of mechanical properties for various fiber composites. One part of the question is surely related to the origin of transcrystallinity, and it is important to realize that transcrystallinity may have other origins besides epitaxial nucleation. In fact, the only requirement for transcrystallinity is that the nucleation rate at the surface exceeds the spherulitic growth rate parallel to the surface. Classical nucleation theory indicates that the presence of any surface which is wetted by the melt will increase the nucleation rate by lowering the size of the critical nucleus. In that case, however, there is no reason to expect a beneficial effect of transcrystallization on adhesion because no special bonds will form between the matrix phase and the substrate.
If epitaxial nucleation is involved, on the other hand, better adhesion might be anticipated due to an increase of the number of physical bonds per unit area of interface, caused by a closer matching of the atomic arrangement on the two sides of the interface, whatever the nature of these bonds may be. The indication of epitaxial nucleation in the present case, as observed by LVSEM, can therefore be taken as strong evidence for the possibility of improved adhesion when employing UHMWPE fibers in single-polymer composites.
Conclusions
Low voltage scanning electron microscopy (LVSEM) has been used to look at the interface between UHMWPE fibers and a freshly crystallized HDPE matrix. The results allow the following conclusions to be drawn:
• Transcrystallinity was observed under a large variety of nucleation and growth kinetics.
• Under conditions of fast nucleation and slow growth rates, lamellar resolution in the LVSEM allowed to identify the presence of transcrystalline layers which were too small to be resolved by optical microscopy.
• Preferred lamellar alignment at the interface showed that transcrystallization of HDPE on gel-drawn UHMWPE fibers was initiated by epitaxial nucleation.
• The creation of low-energy interfaces by epitaxial nucleation should improve the adhesion between fiber and matrix material in UHMWPE/HDPE single-polymer composites. 
